The underlying mechanisms for hybrid vigor or heterosis are elusive. Here we report a population of recombinant inbred lines (RILs), derived from the two ecotypes, Col and Ler, which can serve as a permanent resource for studying the molecular basis of hybrid vigor in Arabidopsis. Using a North Carolina mating design III (NCIII), we determined the additive and dominant nature of gene action in this population. We detected heterosis among crosses of RILs with one of the two parents (Col and Ler) and analyzed genotypes and heterozygosities for RILs and test cross families (RILs crossed to Col and Ler) using a total of 446 published molecular markers. The performance of RILs and additive and dominant components in the test cross families were used to analyze QTLs for 16 traits, using QTL cartographer and composite interval mapping with 1,000 permutations for each trait. Our data suggest that locus-specific and/or genome-wide differential heterozygosity, including epistasis, plays an important role in the generation of the observed heterosis. Furthermore, the hybrid vigor occurred between two closely related ecotypes, and provides a general mechanism for novel variation generated between genetically similar materials. Heredity (2005) 94, 295-304.
Introduction
Hybrid vigor or heterosis is one of the most fascinating phenomena in genetics, evolutionary biology and applied breeding. In general, hybrid vigor refers to the higher performance of an F 1 hybrid over the mean of the two parents. In agricultural sense, the F 1 should outperform the better parent to be useful. Heterosis has also been applied to adaptive traits like increased fecundity, viability and resistance to biotic and abiotic stress (Dobzhansky, 1950) . In this report unless noted otherwise, we use heterosis in the agricultural sense for data analysis. Although breeders and farmers have long used hybrid varieties to produce high-yield and quality agricultural products, nonetheless the genetic basis for heterosis still remains unclear (Coors and Pandey, 1999) . Therefore, understanding the underlying mechanisms is not only a great intellectual challenge but also has a promising applied side to it.
Two popular hypotheses, namely, dominance and overdominance, have stimulated interesting debates as to whether heterosis is caused by dominant complementation of slightly deleterious recessive alleles (Bruce, 1910; Jones, 1917; Xiao et al, 1995; Cockerham and Zeng, 1996) or by overdominant gene action in which genes have greater expression when they are heterozygous (Shull, 1908; East, 1936; Crow, 1948; Stuber et al, 1992; Mitchell-Olds, 1995) . According to the former, highest performance should follow the maximum accumulation of dominant favorable genes from both parents in homozygous conditions. If the latter holds true, heterosis should reach its peak at the maximum levels of heterozygosity and dissipate when approaching homozygosity. In many cases, however, overdominance is accompanied by nonallelic interactions. Removing significant nonallelic interactions also results in reduction or disappearance of apparent overdominant effects (Jinks, 1955) . The third model suggests that heterosis results from epistatic interactions among alleles at different loci. Indeed, epistasis is involved in most quantitative trait loci (QTLs) associated with inbreeding depression and heterosis in corn (Stuber et al, 1992) and rice Luo et al, 2001) .
The relationship between heterozygosity and F 1 hybrid vigor remains unclear. For example, the association of genetic distance with heterosis in elite inbred lines of corn may be very strong (Lee et al, 1989; Smith et al, 1990) or weak (Godshalk et al, 1990; Dudley et al, 1991) , because the correlation between marker distance and F 1 performance depends on the origin of lines studied (Melchinger et al, 1990; Boppenmaier et al, 1993) . Genetic background plays an important role in heterosis. Doebley et al (1995) showed that one of the two QTLs controlling differences in plant morphology and inflorescence architecture between maize and its ancestor (teosinte) has strong phenotypic effects in the teosinte background but reduced effects in the maize genetic background (Doebley et al, 1995) . However, when the two QTLs are combined into one genotype, both plant morphology and inflorescence architecture are changed.
To investigate the genetic architecture of various phenotypic traits and mapping QTLs, we used the collection of recombinant inbred lines (RILs) (Lister and Dean, 1993) in North Carolina Design III (NCIII) (Comstock and Robinson, 1952) . We observed superior F 1 performance of many RILs when crossed to its parents (Col and Ler) . Since this population is extensively mapped using a large number of (41000) molecular markers, genotype/heterozygosity of each test cross (homozygous RIL crossed to Col or Ler) relative to the parents may be easily determined. The precise genotypes of all crosses based on published marker intervals are determined and the hybrid performance or heterosis among test cross families is investigated by comparing them with RILs and the two parents (Col and Ler) and their reciprocal hybrids. Significant QTLs are mapped for various morphological and developmental traits to determine their effects on homozygous and heterozygous states including different genetic backgrounds. Using linear and multiple linear regression and QTL analyses, we show that the varying degrees of heterozygosity combined with epistasis, genetic background and origin of plant materials are associated with high F 1 performance. Chromosomes bearing QTLs for most traits have elevated levels of heterozygosity for high-performing hybrids showing that various QTLs in heterozygous state have positive effects on heterosis. These crosses with known genotypes combined with the excellent genomic resources of Arabidopsis provide unprecedented data and materials effectiveness for studying the relationships among heterozygosity, locus interactions and hybrid vigor.
Materials and methods

Plant material and experiment
The RILs were extracted from a cross between Columbia (Col) and Landsberg erecta (Ler) ecotypes of Arabidopsis thaliana using single-seed descent method of inbreeding (see Lister and Dean, 1993 for details) . A total of 99 of these RILs were individually crossed to Col and Ler to produce the L1i and L2i families of an NCIII mating design following Comstock and Robinson (1952) . A single plant from each RIL was used as the female parent and different flower buds were used to self or cross with Col or Ler. Because Arabidopsis is quite difficult to cross manually, 52 sets of test cross families (RILs crossed to Col and Ler) were recovered and evaluated using SSRs (Bell and Ecker, 1994; Virk et al, 1999 ) but a random sample of 86 RILs was used for QTL mapping. All seeds were stabilized (break dormancy) by storing for 2 months before sowing. Five completely randomized plants were raised from each RIL, test cross, Col, Ler and their reciprocal F 1 hybrid families in separate pots containing JI (John Innes) compost. The experiment was grown in a single block inside an unheated polytunnel under long-day (16 h) conditions. All experimental plants were scored for the morphological traits listed in Table 1 . Data from the RILs and NCIII families were used (a) to test and calculate the additive and dominance components of variance and (b) determine the heterotic performance of the test crosses for various traits. The test cross families were divided into four classes on the basis of their tester parent and the expression of positive or negative mid-parent heterosis (eg RILs Â Col: positive; RILs Â Col: negative; RILs Â Ler: positive; and RILs Â Ler: negative) for each trait. Furthermore, the mid-parent heterosis (MPH) values and the heterozygosity estimates (for individual chromosomes) were subjected to linear regression.
QTL mapping, heterozygosity-per-chromosome and weighted heterozygosity The marker genotypes of the RILs were taken from their published profiles that are available from the Nottingham Arabidopsis Stock Center (NASC) web site home page (http://arabidopsis.info/home.html). Information is available on 41000 markers and 446 markers were selected on the criterion that they were polymorphic and mapped for 480% of the RILs (ie their positions are known accurately). The QTL cartographer v1.15 (Zeng, 1993; Basten et al, 2001 ) capable of performing composite interval mapping (CIM) was employed to identify chromosomal regions affecting various phenotypic traits.
The putative genotype of each test cross was deduced from the marker profiles of its RIL and tester parents, initially for individual chromosomes and then for the whole genome. For example (Figure 1) , if a particular RIL that has 55% (based on number of marker intervals in centimorgans (cM)) of its chromosomal regions from Col on linkage group 1 was backcrossed to Ler, the test cross genotype would consist of 55% heterozygous (Col/Ler) regions and 45% homozygous (Ler/Ler) regions in chromosome 1. On the other hand, if the same RIL was crossed to Col (Figure 1 ), the test cross would possess 45% heterozygous (Col/Ler) regions and 55% homozygous (Col/Col) regions. Genotypes of all the 104 test crosses were deduced in this manner for each of the five linkage groups. The same set of RILs crossed to both parents (Col and Ler) for each trait was separated on the basis of high-and low-performing F 1 hybrids relative to mean values of the parents. The mean heterozygosityper-chromosome was calculated for each chromosome in each group, that is, RILs Â Col (high-performing crosses), RILs Â Col (low-performing crosses), and similarly for RILs Â Ler crosses for each trait.
The above measure of heterozygosity was then converted into weighted heterozygosity (WH) of each chromosome as follows:
WH Barth et al (2003) as
where F F 1 is the mean of a test cross family and P P is its mid-parental value.
The pooling of test crosses for each trait, based on low and high performance, is informative but it does not provide the statistical confidence to predict a relationship between heterozygosity and MPH. To investigate the relationship between observed heterosis and heterozygosity, the MPH (Y) values were regressed against heterozygosity (X) across the whole genome and on individual chromosomes using linear and multiple regression, respectively. All regression analyses were performed using Minitab software version 12.2.
Results
NCIII experiment
The 16 traits measured in each individual plant are shown in Table 1 . The measurement for each trait was taken on the same day for all of the plants, except for those traits that were recorded sequentially by the onset Figure 1 An ideogram showing genotype of homozygous RIL and the two parents, Col, Ler, and their F 1 hybrids that generate homozygosity/heterozygosity along exactly opposite regions between them and their proportion can be readily determined on each chromosome and entire genome from the published marker intervals. of phenotypes, such as flowering. Significant additive and dominance effects were detected for almost all the traits (Table 1) . Furthermore, high values for the dominance ratio (O4VD/2VA) were detected for most of the traits, in particular plant height having values close to or more than 1, indicating the presence of overdominance (data not shown).
High F 1 hybrid performance in the test cross progenies Complete data sets comprising the mean performance of each of the 52 RILs and their crosses with Col and Ler for RS36 and H45 are presented in Table 2a and b, respectively. It is evident from the mean performance of each RIL and its crosses with Col and Ler that a large number of crosses performed better than the mean of the corresponding parents. Interestingly, a number of crosses of RILs performed better even when crossed with either Col or Ler. This is very interesting (Figure 1 ) because a particular RIL when crossed with Col and Ler generates homozygosity and heterozygosity along exactly opposite regions. RMPH values were as high as 38 and 64% for RS36 and H45, respectively.
To have an overview of all the traits studied, Table 3 shows the mean and range values of Col, Ler and their F 1 hybrids as well as RIL Â Col and RIL Â Ler progenies for all traits. Col was the high-performing parent as it had higher scores than Ler for 12 out of the 16 traits. Indeed, higher values for the majority of traits were found in the L1i and L2i refer to crosses of RILs with Col and Ler, respectively, and L1 P and L2 P are means of RIL and Col and of RIL and Ler, respectively.
Table 2 Continued
Heterosis in Arabidopsis NH Syed and ZJ Chen progeny of RIL Â Col, the frequency of high-and lowperformance lines for a particular trait was somewhat evenly distributed, whereas in the RIL Â Ler progeny, the distribution of high-or low-performance lines was skewed. The data suggest that the effects of heterozygosity on hybrid performance are genotype dependent. Furthermore, the F 1 hybrid performance of the progenies of RILs Â Col and RILs Â Ler was higher than that in the RILs, suggesting that heterozygosity/overdominance and/or epistasis is one of the main factors for hybrid vigor.
QTL analysis
QTL cartographer, which is capable of performing CIM, was employed to map QTLs using RIL scores and additive and dominance components from the NCIII experiment, which allows us to compare the efficiency of the two methods, marker regression and CIM. The QTL analysis using the same population by marker regression approach (Kearsey and Hyne, 1994) has been reported elsewhere (Kearsey et al, 2003) . The presence of QTLs was only indicated on individual chromosomes showing significant regressions of F 1 heterosis on heterozygosity in Tables 4 and 5 to determine that whether heterozygosity along chromosomes bearing QTLs is relatively more important.
Distribution of Col and Ler regions in the RIL population
We estimated the proportion (percentage) of Col and Ler genotype (marker intervals) regions among the selected RILs. Interestingly, each RIL used in this study had approximately 51% of the genome from Col and 49% of that from Ler in the marker genotypes analyzed in each of the five chromosomes (data not shown). Ideally, the proportion should be 50-50. Indeed, w 2 -test showed that it is not significantly different from a 1:1 ratio, suggesting that the original population of RILs derived from the two parents represented a random sample of lines through single-seed descent, hence exhibiting a random distribution of recombination events for each parent. However, individual RILs had significant differences in Col and Ler regions in their genotypes and heterozygosity generated in crosses with the two parents, Col and Ler.
RILs Â Col crosses
The weight of heterozygosity on each chromosome was estimated for all the RILs showing positive high F 1 hybrid performance for each trait. The total (mean) weight of heterozygosity in each chromosome was then transformed into cM by multiplying with 5.86 (see Materials and methods). The difference in total heterozygosity between low-and high-performing crosses for the majority of traits, except LL45 and LW 45, is relatively small. Heterozygosity levels in individual chromosomes of the high-performing crosses for traits RS36, CLFL, DF, BFL, H35, LL45, LW45 and Ma (Table 4) were slightly higher than that of low-performing crosses, indicating that heterozygosity in individual chromosomes bearing QTLs was more important than the total heterozygosity. In most cases (Table 4) , the chromosomes bearing QTLs had a much higher level of heterozygosity in the highperforming crosses than in the low-performing crosses. For example, the mean heterozygosity for RS26, H35, HFL and H45 in better-performing pooled crosses was much higher than in the low-performing crosses. However, for many other traits, such as RSFL, CLFL and BFL, there was no significant difference in mean heterozygosity between the high-and low-performing pooled crosses. Furthermore, the highest heterozygosity in a chromosomal region is not necessarily associated with a QTL. The highest mean heterozygosity (pooled crosses) for H45 was found in chromosome 5; however, two QTLs for H45 were located in chromosomes 1 and 2 (data not shown).
RILs Â Ler crosses
The RILs Â Ler crosses exhibited patterns of phenotypic variation similar to that of RILs Â Col crosses (Tables 2  and 3 ). After pooling high-and low-performing crosses for each trait, 13 out of the 16 traits showed high levels in total heterozygosity (in cM). In general, the difference in total heterozygosity between high-and low-performing The numbers of high-performing F 1 hybrids over the mean of the parents are also indicated for each group.
Heterosis in Arabidopsis
NH Syed and ZJ Chen crosses in RILs Â Ler hybrids was higher than that in RILs Â Col hybrids. Within the RILs Â Ler lines, the difference between low-and high-performing crosses can be as high as 139 cM (eg for RS26). High-performing RILs Â Ler hybrids had much higher levels of heterozygosity than the low-performing crosses in individual chromosomes. For example, chromosomes bearing QTLs for RLFL, RS26, CLFL, BFL, HFL and H45 had higher levels of heterozygosity in high-performing than lowperforming F 1 s. This difference in RILs Â Ler hybrids was much larger than in RILs Â Col hybrids.
F 1 performance and marker heterozygosity To evaluate our pooling method and estimates for marker heterozygosity, total heterozygosity as well as heterozygosity along individual chromosomes was regressed against MPH values of all traits in RILs Â Col and RILs Â Ler crosses. Linear regression analysis suggests that the test cross performance is significantly associated with overall marker heterozygosity for several traits (Table 5a ). In the RILs Â Col progeny only H45 was significantly associated with total marker heterozygosity, whereas in the RILs Â Ler progeny significant regression was detected for TL, RS26, RLFL, RSFL, HFL and H35, respectively. The data suggest that the hybrid performance is dependent on marker heterozygosity in some of the traits studied. However, R 2 -values were relatively small, ranging from 15 to 20% indicating that that only a small proportion of the observed heterosis is directly explained by heterozygosity and that some other factors are involved.
To have a better understanding of the relationship between marker heterozygosity and hybrid performance, we further performed multiple linear regression analysis using MPH values and marker heterozygosity on individual chromosomes (Table 5b ). The hybrid performance in the test cross progenies was significantly associated with marker heterozygosity in most chromosomes (Tables 4 and 5 ). Elimination of nonsignificant regressions from the multiple regression analysis did not make much difference and the outcome essentially remained the same (data not shown). The number of traits with significant regression to marker heterozygosity was not evenly distributed among five chromosomes. Out of 19 trait/chromosome combinations in chromosome 2, 12 showed significant regression with marker heterozygosity. The number of traits in other chromosomes were low: two, one, two and two for chromosomes 1, 3, 4 and 5, respectively. It is notable that each of the 17 significant regressions of traits and marker heterozygosity in individual chromosomes was associated with one or more QTLs. This indicates that marker heterozygosity in individual chromosomes and especially in the QTL regions is more important for phenotypic variation than the total heterozygosity in the genome.
Discussion
A. thaliana Col and Ler ecotypes share similar genetic backgrounds (King et al, 1993) and, indeed, the performance of RILs for most of the traits examined remained within mean values of the two parents (Col and Ler) ruling out dominance complementation for the majority of traits. However, we observed a large amount of variation in the F 1 (or backcross) hybrids derived from each of the RILs and its parent, Col or Ler. These F 1 lines showed low and high performance for all of the traits studied (Tables 2 and 3 ). It is notable that high F 1 performance was observed in F 1 lines derived from RILs Â Col or Ler. The reciprocal hybrids between Col and Ler did not show a comparable superiority over the two parents. Moreover, total heterozygosity is not as important as heterozygosity in individual chromosomes or segments for the observed heterosis. The data suggest that differential heterozygosity combined with epistasis may be the reason for the observed heterosis. Epistasis was indeed found for TL, RL26, RS26, CL26, DF, H35, H45, LL45 and Ma in this population (Kearsey et al, 2003) .
To test the hypothesis of maximum heterozygosity for high F 1 performance (Bonierbale et al, 1993) , we divided all crosses into four groups: RILs Â Col (low and high F 1 hybrid performance) and RILs Â Ler (low and high F 1 hybrid performance) for all traits. The proportion of heterozygosity was estimated in each linkage group. Significant QTLs were mapped for 13 out of the 16 traits examined in the RIL population using CIM (Basten et al, 2001 ). In the RILs Â Col backcross progeny, there was no significant difference between low-and high-performing lines; however, heterozygosity on individual chromosomes bearing QTLs was associated with high-performing lines. In the RILs Â Ler lines, both total heterozygosity and heterozygosity in individual chromosomes were significantly associated with high-performing lines. Ler is the low-performing parent; therefore, lines having a greater proportion of homozygous Ler background are likely to perform poorly. When the RILs are crossed to the high-performing Col, the heterozygosity in these regions likely contributes to high performance. However, a large number of RILs, when they are crossed to either Col or Ler, show high F 1 hybrid performance (Table 2a and b) . This looks intriguing because homozygous Col regions in RIL Â Col become heterozygous in RIL Â Ler, when the same RIL is used. (Kearsey and Pooni, 1996) . We used linear and multiple linear regression analysis to further explore the relationship between total heterozygosity or heterozygosity in individual chromosomes and the observed F 1 hybrid performance (MPH). The regression analysis confirmed the conclusions obtained by pooling high-and low-performing lines for each trait. The total heterozygosity is not very important in hybrid performance among RILs Â Col crosses; only the regression for H45 is significant. However, in RILs Â Ler crosses, F 1 hybrid performance is dependent on total heterozygosity as well as heterozygosity on individual chromosomes and especially the ones bearing QTLs. However, small R 2 -values (15-20%) for the significant regression show that this relationship is not straightforward because other factors including epistasis, background effects and the origin of plant material may be involved. Heterozygosity may play an important role in the high F 1 performance as the dominance ratio for plant height from the NCIII experiment is close to, or more than, 1 (data not shown). Although Ler is a low-performing parent, a large proportion of RILs Â Ler crosses shows higher performance than RILs Â Col crosses (Tables 2 and 3 ). This may be explained by the homozygous Ler background in RILs Â Ler lines, where the effect of the erecta mutation in the second chromosome on plant height is known to have higher penetrance (Torii et al, 1996) . Therefore, the background effects, new gene combinations and epistatic complexes play a significant role in hybrid performance (Doebley et al, 1995; Rasmusson and Phillips, 1997) .
The high F 1 performance observed for all traits in general and plant heights in particular results from the effects on different genetic backgrounds. Alleles in different backgrounds give rise to a different expression pattern for a particular trait. Thus, hybridization among such populations produces new combinations and generates novel variation, even though few phenotypic differences exist between the populations (Doebley et al, 1997) . Plant height in Ler is affected by a single mutation, which makes it shorter than Col, which is taller and more spreading (Lister and Dean, 1993) . The RILs Â Ler lines showing low F 1 hybrid performance for traits HFL and H45 are homozygous at the erecta locus (data not shown). It is notable that homozygous Ler loci in RILs remain homozygous even in RIL Â Ler lines. The erecta locus contributes to a certain plant height (Ler phenotype) in homozygous RILs. However, the erecta effect on plant height reduction is greatly enhanced in RILs Â Ler lines. Although the erecta locus remains homozygous in RIL Â Ler lines, its negative effect on plant height increases in a different genetic background, suggesting a trans-effect of heterozygosity on plant height in other regions of chromosomes. This finding is reminiscent of results obtained by Doebley et al (1995) , which indicates that two QTLs affecting plant architecture and inflorescence structure have tremendously different effects in a maize or teosinte (wild progenitor of maize) background. The importance of genetic background effects and epistatic relationships among new combination of genes has been documented (Matzke et al, 1993; Pooni et al, 1994; Cheverud and Routman, 1995; Doebley et al, 1995; Cheverud and Routman, 1996; Eshed and Zamir, 1996; Routman and Cheverud, 1997) .
Our results may also have implication for issues related to introduction of genetic diversity into plant breeding pursuits. Rasmusson and Phillips (1997) argued that the genetic gap between elite gene pools and unimproved pools or germplasm collections is growing larger with each breeding cycle (Martin et al, 1991) . Introgression of genetic diversity from unimproved collections is becoming more difficult. They further argued that selection gains occur due to variation present in the original gene pool as well as de novo variation and this variation is augmented by epistasis, that is, interactions involving newly created diversity as well as original diversity. Such hypotheses stem from observations (eg Sprague et al, 1960; Russell et al, 1963 ) that doubled haploid lines of maize soon accumulated considerable variation in agronomic traits. Such variation for lines homozygous at every locus could not be expected due to occasional mutations. Rasmusson and Phillips (1997) reviewed the contribution of various events, such as intragenic recombination, unequal crossing over, transposable elements, DNA methylation, paramutation and gene amplification, to genome plasticity coupled with epigenetic modifications, base alterations and structural changes augmented by epistasis. Many authors have indicated the importance of epistasis and background genotype in creating novel variation and have emphasized that epistatic interactions are much more important than previously realized (Matzke et al, 1993; Doebley et al, 1995; Routman, 1995, 1996; Routman and Cheverud, 1997; Eshed and Zamir, 1996) .
The results obtained from two closely related ecotypes in the model plant Arabidopsis may be applied to the improvement of genetic diversity in major crop plants, although further testing and experimentation will be needed in other plant and crop species. The results may be relevant to the growing genetic distance between elite crop varieties and exotic germplasm. In cases where very little variation exists for further improvement, similar schemes of crossing might be used to generate novel variation. Further work should also investigate the performance of F2 and F3 families of heterotic crosses, in particular the extent to which heterosis tends to dissipate in these generations due to loss of heterozygosity and gene combinations (Fenster and Galloway, 2000) . The RIL population developed will be useful to dissect the molecular basis of dominance and overdominance (Birchler et al, 2003) using functional genomic tools such as genome-wide gene expression analysis using oligo-gene microarrays.
